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Abstract — Recent work in optical code division multiple access 
(CDMA) is reviewed, progressing from incoherent to coher- 
ent techniques. It is shown that under appropriate conditions, 
coherent CDMA can in principle rival wavelength-division mul- 
tiplexing (WDM) in terms of aggregate network throughput. 
Furthermore it is shown that at high data rates, some of the 
components for WDM and coherent CDMA networks are nearly 
identical, indicating a similarity between the two approaches. 
CDMA retains a coding aspect which may prove attractive in 
security applications. 

1. Introduction 

ANTICIPATED requirements for future multiple access 
local area networks (LAN's) are of the order of 1 
Gb/s per user, and hundreds of simultaneous transmissions, 
for an aggregate throughput of the order of 1 Tb/s. Recent 
developments in coherent optical CDMA indicate that it is a 
possible means of meeting these requirements. While WDM 
has received much attention in recent years as a possible 
solution, it is not without problems; in particular changing 
addresses is difficult, as it requires precise tuning of either 
transmitting laser, or receiving tuned filter or local oscilator. 
Hence studying alternate multiple access schemes is justified. 
The object of this paper is to review the work on optical 
CDMA, and to study the main features characterizing inco- 
herent and coherent CDMA. It will be shown that in order to 
make possible the implementation of optical muMple-access 
networks with aggregate bit rate in. the Tb/s range, coherent 
CDMA would have to be adopted. A major advantage of doing 
so is that changing addresses can simply be accomplished 
by changing a set of phases, which requires a relatively 
simple encoding/decoding network at each station, unlike the 
very complex network reconfigurations required for irtcoherent 
CDMA. In that situation, if fiber ladder networks are used, 
then the configuration of the decoders is remarkably similar to 
that of the concatenated Mach-Zehnder interferometers used 
in WDM (or FDM) networks [1], 

This fact indicates that coherent CDMA and WDM tech- 
niques may converge at high data rates. To verify this, a 
comparison of the potential of these schemes from the points, 
of view of aggregate bai^dwidth, signal-to-noise ratio, and 
hardware requirements, will be performed. It will be shown 
that CDMA can be competitive with WDM provided that 
either very short (subpicosecond) pulses are used, and . a 
very fast optical thresholding device is available to select the 
autocorrelation peaks, or that a reference pulse is sent along 
with the encoded pulse. 
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The possible advantageous security aspects of optical 
CDMA networks will be described. 

II. INCOHERENT SIGNAL PROCESSING 

WITH Fiber-Optic Delay Lines 

The advent of long low-loss optical fibers in the early 
1970's provided a new means for making delay lines with 
characteristics exceeding those obtained with surface acoustic 
wave (SAW) devices. Consequently some work was done 
to demonstrate the performance with optical delay lines of 
operations previously performed with SAW devices [2]-[4]. 
Fibers were used to split, delay, and recombine short optical 
pulses, thus generating impulse responses consisting of trains 
of pulses. By cascading such arrangements, the auto- or 
cross-correlation of such pulse trains could be achieved. In 
particular, Marom introduced a ladder network formed by 
cascaded 2x2 couplers [4], which was used for several other 
purposes later on. In these investigations, the operations were 
performed on an incoherent basis, i.e. it was assumed that 
addition of power occurred. 

This type of work culminated in the mid-1980's at Stanford 
University, where rather sophisticated signal -processing oper- 
ations were performed in ladder networks, used again on an 
incoherent basis [5]. 

While the above work used transmissive fiber-optic compo- 
nents, analogous studies were also performed with reflective 
arrangements [6]. 

m. Incoherent Optical CDMA 

In the mid- 1980' s it was then proposed to use this type of 
optical signal processing to implement multiple access optical 
networks with asynchronous transmission. Hie idea was to 
extend to the optical regime the techniques of pulse coding and 
spread spectrum which are so successful at radio frequencies 
[7]. A major difference is that while the rf techniques are 
coherent, the initial optical work was incoherent 

A. Main Features 

In incoherent optical CDMA the phases of the light signals 
are not important, as they are summed on the basis of power, 
rather than electric field. In all passive schemes, the encoder 
uses a passive optical network to generate an impulse response 
which is a train of P pulses, delayed scaled replicas of the 
input laser pulse (which are called chips). If the chip duration 
is Tc, the duration of a coded sequence corresponding to a bit is 
Ltc, where L is an integer. At the receivers specific. sequences 
are recognized by performing the operation of correlation 
with other sequences. Several schemes have been proposed 
to implement the correlation. 

0 © 1993 IEEE 
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Fig. 1. CDMA encoders and decoders based on power splitting and 
combining by means of 1 x f* and P x \ splitters and combiners. 

J- 

In one approach, an optical pulse sequence is multiplied 
by the stored signal, presumably by means involving the 
use of a fast optical modulator,- or switch, and the detected 
result is integrated over a bit time by electronic means [8]. 
The multiplication proceeds in real time, i.e., the modulator 
niust act during a chip time, and the two sequences must be 
synchronized to less than a chip time. Clearly these require- 
ments become very difficult to implement as the chip time 
becomes very short. Furthermore, it can be argued that if one 
is successful in doing these things, then one has available a 
very fast, high contrast switch which would perhaps be used 
more effectively in TDMA, or in a switching network. 

The other approach is a more completely optical one, which 
does not suffer from the argument raised above. Here an actual 
correlation is performed by optical means only. A typical 
approach for encoding and decoding bits in this case is shown 
in Fig. 1, Each network, encoding or decoding, is built in 
such a way that a short pulse incident in its input fiber results 
in a pulse train, the respective impulse response, coming out 
of its output fiber. As a result, when an impulse is fed into 
the encoder, the decoder output is the correlation, performed 
directly in the time domain, between the impulse responses. 
Since the signals here correspond to power, they are always 
positive, and so are the correlation signals. This approach is 
appealing in the sense that it produces a correlation signal in 
real time which can be used for matched decoding, by looking 
at the peak of the correlation: an input signal matched to the 
decoder yields a relatively high autocorrelation central peak, 
which can be detected by means of a fast threshold detector. 

Fairly complete studies have been performed on networks 
based upon this principle [9], [10]. The basic idea f6r a 
multiple access network based on this approach is to have the 
ability to change codes at will in order to address particular 
receivers. While the concept is simple, there are substantial 
practical difficulties when trying to reduce it to practice. 

B, Limitations 

1) Power budget: While networks such as shown in Fig. 1 
can generate arbitrary pulse sequences, and hence codes with 
interesting properties, such as (pseudo) orthogonality, they turn 
out to be rather inefficient from the point of view of utilization 
of optical power. If the number . of chips in a sequence (code 
weight P) is large, then the encoding process leads to a loss 
in total bit energy by a factor of P. 

In order to alleviate this difficulty we have studied the use 
of fiber optic ladder structures, Fig. 2, for optical CDMA. 
An n-Stage network consists of (n + 1) fixed 3-dB couplers 
connected in cascade by n double fiber links. With these 
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Fig. 2. CDMA encoder based on a ladder network made from cascaded 
2x2 couplers. 

networks, the encoder total bit energy reduction is only a factor 
of 2, regardless of P = 2" [10]. 

Considering now the amplitude of a matched autocorrelation 
peak compared to the original energy fed into the encoder, we 
find that it is down by a factor of P^ for prime networks, but 
only 4P for ladder networks. These expressions correspond to 
ideal components, with no excess loss. When realistic compo- 
nents are considered, the advantage of the ladder approach is 
reduced, since in it the losses add up linearly; nevertheless, for 
moderate values of n, a substantial advantage remains [11]. 

We have studied in detail the optical properties of networks 
based on ladder networks. We have also shown that the kind 
of sequences which can be generated from these networks 
are sufficiently flexible as to yield overall system performance 
comparable to that of the more versatile (code-wise) networks 
of Fig. 1 [10]. These ladder networks thus provide an interest- 
ing new approach to the all-optical synthesis of encoders and 
decoders for incoherent CDMA. 

2) Sidelobes: A corollary of having a relatively low auto- 
correlation peak is that the rest of the energy must be spread 
over sidelobes, which are distributed over an interval of length 
2L centered around the autocorrelation peak. In incoherent 
CDMA, regardless of the architecture of the coding network, 
the ratio of total energy in the sidelpbes over energy in the peak 
of the autocorrelation is (P — 1). Even for codes with moderate 
weights, much more energy is spread in the rest of the bit, 
compared to the useful autocorrelation peak. This is not only 
a waste of energy for the autocorrelation peak, but also a large 
amount of useless power spread over the bit time, i.e., noise 
contributing to interference with other autocorrelation peaks, 
and hence lowering signal-to-noise ratio, and increasing bit 
error rate (if one attempts to space bits by less than (2L — 1)). 

3) The addressing problem: This problem may actually be 
a more serious difficulty for the practical implementation of 
incoherent CDMA networks than the power considerations. By 
addressing problem we refer to the need for each transmitter to 
be able to modify its encoder quickly to generate the suitable 
code sequence to reach particular destinations. Ideally, each 
transmitter should be able to reach each receiver. 

The approach proposed for all-optical incoherent CDMA 
encoders has been to have at each transmitter a vast array, 
of delay lines available in -parallel, and to reconfigure these 
.appropriately ,by means of switches to create all desired 
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sequences [9]. If one examines in detail the requirements for 
a network of moderate size, it is found that the number of 
individual delays and switches is very large. 

We have introduced a somewhat better method, particularly 
suited for ladder networks, but it still requires each transmitter 
to have in parallel all the possible encoding networks. Adding 
to this the cost of the required fast switches makes for a total 
cost which is probably out of line with whatever benefits might 
be derived. Going to shorter chip time will of course greatly 
reduce the fiber length requirement, but will not help with the 
switching problem. 

An interesting new approach, a reconfigurable ladder net- 
work, has recently been proposed [12]. It looks like Fig. 2, 
except that the 2 x 2 couplers are now variable, and can be 
changed into 3 dB couplers, or switches. With this approach, 
many codes can be generated without having to use parallel 
fiber networks. On the other hand, the excess loss and crosstalk 
of optical switches may cause other problems when trying to 
implement this in practice, especially with large code lengths. 

4) Short pulses: Going to shorter chip and bit durations is a 
desirable goal from the point ofview of the last argument, and 
of course in general it would help to increase the aggregate 
throughput of the total broadcast network. As long as one has 
to detect the optical signals with some kind of an optoelec- 
tronic device, and deal with the resulting electrical signals by 
means of electronic amplifiers, filters, etc., it appears that Tc of 
the order of 100 ps could be considered state of the art today, 
and might eventually end up being about 10 ps. Going to 
femtosecond optical pulses would not be realistic because the 
electronics could not follow, but it could be done by using fast 
nonlinear optical elements, such as based on the Kerr effect, 
before the electronics; in fact we will show later on that this 
is the regime where CDMA can best compete with WDM. 

Lx)oking then at optical pulses in the picosecond range, 
we must now see whether they could be considered to be 
incoherent when superimposed after delays. That depends on 
the laser source. For instance if one uses the popular Nd-YAG 
laser, and mode-locks it to produce pulses of the order of 100 
ps length, one finds that these pulses are essentially transform 
limited, i.e., the pulse length is of the order of the reciprocal 
of the gain bandwidth, which is itself the coherence time. In 
other words, such a laser will emit short pulses, but each one 
will exhibit a great degree of temporal coherence, and will 
strongly interfere with itself after any delay still leading to 
pulse overlap. With such a light source, it will not be possible 
to observe incoherent superposition of pulses as sometimes 
assumed, but rather one will observe coherent superposition. 

While it is clearly possible to find laser sources which will 
still behave to a good approximation as temporally incoherent 
sources in the picosecond regime, the use of short pulses will 
rule out more sources, and will make the aspect of coherence 
a more difficult one, thereby aggravating further the design of 
incoherent CDMA networks. 

At this point it thus becomes a natural question to ask 
whether it worth trying to preserve incoherence for dubious 
advantages, or whether one should in fact go in the opposite di- 
rection, that of full coherence, or at least partial coherence, and 
see whether significant benefits might not be derived that way. 
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IV. MULTIVARIATE INCOHERENT Optical CDMA 

In the preceding section we have described incoherent 
CDMA wherein a single fiber emerges from each encoder, 
and the encoding is done by generating temporal sequences of 
chips in that fiber. As we have seen, this requires combining 
optical signals, with possibly high losses. Another approach, 
multivariate CDMA, considers the possibility of using several 
fibers in parallel through the entire system, with an equal 
number of broadcast networks in parallel as well. This was 
first proposed by Hui [13], and then pursued by a group at the 
University of Southern California [14], [15]. This approach 
has a number of advantages; by avoiding combining at the 
encoders, it is optically efficient; it provides coding flexibility; 
the addressing and sidelobe problems are relaxed. 

It is beyond the scope of this paper to compare single-fiber 
and multivariate CDMA. In what follows incoherent CDMA 
will refer to the single-fiber type. 

V. Coherent Optical CDMA 
Some of the limitations encountered in incoherent CDMA 
can be traced to the use of power summation, as opposed to 
field summation in the case of the successful rf techniques. It 
is thus worth investigating whether coherent optical CDMA, 
a better parallel to the rf techniques, could be implemented 
with beneficial results. Since coherent superposition is phase 
sensitive, the use of such techniques will of course be more 
difficult than that of incoherent ones, because of the need 
to provide adequate optical phase control and stability; on 
the other hand, if phase can be controlled adequately, then 
it should add new dimensions to the design of optical CDMA 
networks, with potentially very beneficial results. The first 
proposals to use coherent CDMA with fiber encoders, and the 
first initial demonstrations, were made witH ladder networks, 
by two separate groups [16]-[18]. 

In coherent CDMA one still has the same basic network 
and temporal (envelope) pattern for the impulse responses 
as in incoherent CDMA, but now in the optical correlation 
process the pulses are summed up coherently, by having a 
light source with a coherence length greater than the chip 
length. The phases of the individual pulses coming out of 
the encoder, and those experienced when going through the 
decoder, strongly influence the interference and hence the 
resulting pulse amplitudes. 

The correlation process thus yields the same pulse locations 
as in incoherent CDMA, but the amplitudes are different. The 
amplitude of the first autocorrelation pulse is still one, but that 
of the central peak is P^, corresponding to all contributing ele- 
mentary pulses adding up in phase. This represents an increase 
by a factor of P compared to the incoherent counterpart. 

Conversely, we find that relatively less energy goes into the 
sidelobes of the autocorrelation. The ratio of sidelobes energy 
over peak energy is somewhat less than one in general. This 
makes it easier to discriminate between the peak and sidelobes 
for the purpose of thresholding, synchronization, etc. 

Fig. 3 shows a simple example of an encoder connected 
to a decoder by a single fiber. Since there are two encoder 
outputs and two decoder inputs, there are several possibilities 
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Fig. 3. Fiber-optic ladder encoder and decoder connected lo each other. 



to connect the two. We have shown that the design of the 
decoder to match a particular encoder depends upon how they 
are connected. Two possible connections have been shown, 
namely channels (c) and (d). It can be shown that a matched 
decoder can be found whether the decoder looks like the 
encoder, or its mirror image (case shown in Fig. 3). It turns , 
out that the matched decoder phases are the same whether one 
uses either of the channels indicated. 

To distinguish from what comes next, we refer to this type 
of matched decoding, wherein a single channel is used to 
link encoders and decoders, as single-channel or 1 -channel 
coherent decoding. 

VI. Coherent CDMA, with Inverse Decoding 

We first continue our presentation concerning coherent 
decoding in ladder networks, defining inverse decoding in 
these. We then relate this concept to work done with frequency 
components of pulses. 

A, Ladder Networks 

Continuing now with Fig. 3, we consider what happens if 
both channels (c) and (d) are used simultaneously, with no 
phase shift between them. We have shown that in that case the 
two autocorrelations in output (e) corresponding to these two 
paths have central peaks which add up in phase, with amplitude 
(assuming ideal conditions, i.e., no excess losses, no phase 
or polarization mismatches). This is the total energy of the 
pulse initially fed into (a), and hence this network achieves 
perfect, lossless reconstruction of the initial pulse, which is 
clearly the best type of matched response that one can obtain. 
Another way to view the operation of this network in detail is 
that the couplers of the decoder and its phases are such that 
the pulses produced by the encoder are recombined by pairs 
until they eventually merge into a single pulse again. We refer 
to this type of coherent decoding, which clearly requires two 
channels to. occur, as inverse decoding. 

Some of the general properties of the three types of optical 
CDMA decoding are summarized in Table I. It is clear 
that coherent decoding can offer substantial advantages over 
incoherent decoding, and that inverse decoding represents the 
ultimate in decoder performance. Inverse decoding permits 
in principle lossless optical encoding/decoding, does away 
with sidelobes, and in fact provides a mechanism whereby 
transmission from a transmitter to a matched receiver occurs 
as if the encoding/decoding process did not take place, i.e., 
it is transparent to the user, in the sense that the received 
pulse is the same as if transmitter and receiver were linked 
by a standard broadcast network, without encoding/decoding. 
Indeed, from the point of view of matched inverse decoding, 
it does not matter how the detailed encoding/decoding is 
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TABLE I 

Comparison of the Characteristics of the 
Various Possible Schemes for QpncAL CDMA 



Scheme 


Peak energy 


Sides lobes 


Incoherent 


P 




Coherent 


p2 


<1 


1 -channel 


Coherent 


4 P2 




2-channcl 


0 



done, and as a result, one could in particular have bit periods 
shorter than the correlation sequence length (2L — l)rc; with 
incoherent or 1-channel coherent operation this would not be 
possible as troublesome sidelobes would then overlap with 
the central peak. 

While inverse decoding renders the matched response essen- 
tially ideal, the use of two channels probably does not have 
much to offer concerning the crosscorrelation with undesired 
signals. These will contribute noise as in 1-channel networks. 

We also note another unique feature of inverse decoding: it 
allows for the simultaneous transmission of two bits. This is 
possible because when the decoder of Fig. 3 is the inverse of 
the encoder, not only are all pulses sent into (a) reconstructed 
in (e), but if we sent pulses into (b), they would ernerge in (f). 
We thus have in effect two parallel, independent transmission 
lines, and we can make full use of the fact that we are using 
two fibers by doubling the link capacity, compared to 1- 
channel decoding. While the doubling of capacity can simply 
be attributed to having two parallel fibers, the fact that only 
a single set of encoder/decoder is needed distinguishes this 
system from other two-fiber systems. 

B, Single Fiber Transmission for Stable Inverse Decoding 
The use of two separate fibers as shown in Fig. 3»to connect 

encoders and decoders might be objected to on the basis 
that this will introduce phase drifts which would make the 
reconstruction process difficult to control. To alleviate this we 
have proposed and deihonstrated the use of two orthogonal 
polarization states in a single fiber: the two channels become 
polarization channels, rather than spatial channels [19]. The 
two pulse trains are combined onto the fiber by means of a 
polarization beamsplitter, and separated likewise at the other 
end. In this manner, the two channels experience very nearly 
the same phase drifts, which cancel out. This approach is valid 
as long as the two polarizations remain orthogonal, which is 
the case as long as lossless components such as star couplers 
are used. Ot course the polarization states change throughout 
the network unless polarization-preserving components are 
used; orthogonality of Jones vectors, however, is preserved 
in lossless components. 

We note that here also we can transmit two bits at the same 
time through the system, even though a single fiber is used: 
We can make full use of the single transmission line used, by 
transmitting one bit stream on each orthogonal polarization. 

C. Fabrication of Compact Encoders 

As the pulse lengths get shorter, the physical size of the 
encoders should shrink in proportion. There are then several 
approaches available to make small, stable encoders. 
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Fig. 4. Using rotated segments of polarization-preserving fiber to make stable 
encoders for coherent CDMA. 

1) Short fiber lengths: With pulse lengths around 100 ps 
delays of several cm to tens of cm can be used. In this case 
we can still use the current approach using standard fibers 
arranged as in Fig. 2. Since only relative delays count, we can 
still work with standard couplers with reasonably long pigtails 
for handling. Phase adjustments can be made by means of PZT 
cylinders attached to the delay lines. After testing, the whole 
encoder assembly can be potted to increase stability. 

2) Integrated optics: As pulses become very short, it may 
become difficult to control time delays accurately enough 
with the previous method. In that case integrated optics 
could offer an ideal solution. LiNbOa crystals up to 20 
cm long can be used, providing total path delay of the 
order of 1 ns. Several stages of 3-dB couplers have been 
fabricated on such substrates, and similar technology could be 
used to make ladder networks. In fact, our requirements are 
essentially the same as those for concatenated Mach-Zehnder 
interferometers, recently demonstrated with seven stages for 
FDM demultiplexing [1]. 

3) Polarization preserving fibers: In the absence of inte- 
grated optical devices, there exists an alternate route to making 
stable encoders with short delays, with relative ease. This can 
be accomplished by replacing the two parallel fibers of the 
basic concept of Fig. 2 by two orthogonal polarization states in 
polarization preserving fibers (PPF's). Fig. 4 shows how this is 
done: the couplers of Fig. 2 are now replaced by end couplings 
between PPF fiber segments, rotated by 45** about their axis, . 
The original input pulse is itself fed into the first segment 
at 45° with respect to its polarization axes. It splits into two 
pulses, one along each polarization axis, which propagate at 
different speeds due to the fiber birefringence. When the first 
one of these pulses reaches the next rotated fiber segment, it 
generates another two pulses along the new axes, and so does 
the second one, etc. Thus one can see that this arrangement 
performs exactly the same type of pulse train generation as 
the canonical arrangement of Fig. 2. A major advantage is 
that since a single fiber is now used, phase perturbations due" 
to vibrations, thermal effects, etc., should largely cancel out, 
leading to a structure with potentially better stability than an 
integrated optic one. On the negative side, it will be more 
difficult to induce fine phase shifts by means of PZT's; they 
may have to be induced by applying stress perpendicular to 
the fiber, to affect the two polarizations differently. 

The inverse of a PPF encoder can be found easily: it is the 
mirror image of the encoder (including the polarization axes), 
rotated by 90'' about the axis of symmetry to exchange the 
polarization axes in all the segments. Clearly an encoder is 
not its own inverse. 



This construction also holds for segments rotated by ar- 
bitrary angles (instead of the assumed 45** this provides 
additional degrees of freedom, namely pulse amplitudes, to 
generate more general codes sequences if desired. (This is 
equivalent to choosing coupling fractions in ladder networks 
which differ from . 3 dB, a possibility which has, also been 
considered [16].) 

The design and manufacture of such PPF encoders will vary 
with pulse length, delays sought, fiber birefringence available. 
To keep mode matching losses down, it will be desirable to use 
fibers with a circular mode, and birefringence induced by stress 
members, rather than core !shape. Concatenated segments of 
PPF's have been used in the past to make equal path nonlinear 
devices [20], as well as birefringent filters [21], Hence accurate 
■fabrication should be feasible. 

We note that these single-fiber encoders are now a perfect 
match for the concept of a single-fiber transmission line to 
carry the signals from encoders to decoders. This makes the 
entire inverse decoding scheme conceptually, and potentially 
practically, quite simple. If a PPF network is used, it can 
begin at the last encoder interface, and continue to the first 
interface of the decoder; however, path lengths will have to 
be equalized by switching polarizations half way through the 
network; also a PPF star network would have to be used, and 
appropriately compensated. If a non-PPF network is used, as in 
our experiments to date, appropriate controllers will be needed 
to restore polarizations before the decoders. 

Should equalization of the whole network prove too difficult 
in practice, the concept of PPF encoders can still be applied 
to 1 -channel coherent decoding, even though some of the 
advantages of CDMA/ID would be lost. 

D. Relation to work Using the Frequency Domain [22] 

We have defined inverse decoding as that which restores 
exactly the shape of the original laser pulse. In this sense, it 
can also be found in work using manipulation of pulses in the 
frequency domain [22]. That approach is different from ours in 
that short pulses are dispersed into their frequency components 
by means of gratings, and the individual frequencies are phase 
shifted by means of phase screens. The operation is reversible, 
and indeed accurate reconstruction of subpicosecond pulses 
has been demonstrated in that manner. It has been shown 
that networks based on this approach have the potential for 
accommodating aggregate throughput in the range of 100 GHz, 
which would rival the demonstrated performance of FDM. 

While our approach belongs to the same general scheme, 
there are some distinct advantages to it as we will see later, 
resulting from the fact that there are two inputs/outputs to our 
(de)coders. 

VII. Comparison of WDM and CDMA 
WITH Inverse Decoding 

WDM networks with aggregate throughput exceeding 1 
Gb/s have been demonstrated [1]. It is thus important to ex- 
amine under what conditions CDMA, particularly the coherent 
version with inverse decoding (CDMA/ID), might be able 
to rival it. Simple arguments will be used to bring out the 
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important points. Quantum noise is not considered as a first 
approximation, only cross-talk between signals. 

Crosstalk in WDM has been studied in detail [23]; here 
we will present a simplified analysis to bring out the salient 
points. In WDM wavelength channels are separated at the 
receivers by filters such as Fabry-Perot etalons, or concate- 
nated Mach-Zehnder interferometers. The filters' finesse F 
is the ratio of the total optical bandwidth used (free-spectral 
range) Bo to the bandwidth of each channel B^, assuming that 
they are closely spaced. The filter is assumed to pass 100% 
of the signal at the peak of transmission, and the minimum 
transmittance at the rejected wavelengths is 1/F. If users 
are transmitting simultaneously toward different destinations, 
a receiver will receive its intended signal, as well as cross-talk 
from the rest. Let us take as a measure of signal to noise ratio 
the ratio of the intended power to the total crosstalk power, 
and denote it by il^,; it is given by 



Da 



K^Bu 



Bo 



(1) 



where Bt^v is the aggregate bandwidth oT the WDM network. 

In the CDMA/ID network, we assume that users are 
transmitting simultaneously, with individual bit rate B^ for 
an aggregate bit rate Btc = K^B^. The pulse width, or the 
time during which the detector is looking at it is r^. We 
now have a measure of the signal to noise ratio by taking the 
ratio of the energy in the peak of the autocorrelation, to the 
energy received from the nonmatched signal during We find 
that 



KcBcTd BicTd 

From these results, we can write that 



(2) . 



Bt^ 
Btc 



to obtain the third expression it is assumed that Ruj = Rc, 
which is a fair basis for comparing the two techniques. -Frorn 
this equation we see clearly on the right hand side the effect of 
the optical and electronic parameters: if the detection scheme 
is slow, then the RHS is a large number, and the LHS indicates 
that WDM will outperform CDMA overall, even though one 
may be able to achieve higher aggregate bit rate with CDMA, 
but only at the cost of much lower SNR. Cleariy CDMA can 
compete with WDM only if the electronic detection (perhaps 
aided by nonlinear optics) can be accomplished very quickly, 
most likely in the picosecond range, as the optical bandwidth 
available for WDM is of the order of 1 THz. We note that this 
is indeed the regime of operation assumed by the Bellcore 
group [22]. 

W^ith very short pulses, and a suitably fast detection scheme. 
CDMA/ID may thus be considered as a viable candidate 
for high-speed optical LAN's, with its own set of potential 
advantages over WDM, such as prospects for high stability 
and simple addressing. These points will be addressed in detail 
later. 



In the above comparison, it has been assumed that the 
electronic receiver receives optical noise during a time 
which is greater than or equal to the chip time. If is large. 
CDMA cannot compete with WDM. In principle we can obtain 
a Td equal to the chip time, by using a nonlinear optical device, 
which suppresses all low-level noise, and lets through only 
the relatively higher spikes corresponding to autocorrelation, 
or inverse decoding. This will be discussed further. 

We note that this nonlinear device acts as a time-dependent 
switch, or filter. In combination with the matched or inverse 
decoder, it plays in the time domain a role similar to that 
of the frequency filter in WDM. The nonlinear device limits 
the intensity reaching the detector during undesirable time 
periods, just as the wavelength filter attenuates the signals at 
undesirable frequencies. 

The similarity between the WDM and CDMA approaches is 
interesting: both can utilize similar decoding or demultiplexing 
structures, namely concatened Mach-Zehnder interferome- 
ters. We also note that recently an alternative approach has 
been proposed for making WDM demultiplexers; wherein 
two single-mode star couplers are cascaded [24]. In this 
approach, fiber lengths can be adjusted to provide comb- 
like filter characteristics between each input and output port 
combination. We note that the physical structure of such an 
arrangement is again identical to that used by some to generate 
arbitrary code sequences for CDMA (e.g.. Fig. 1). 

These parallels suggest that WDM and CDMA ' can be 
viewed as complementary schemes using similar components, 
one in the time domain, the other in the frequency domain! 
In fact we have already begun to link the two in [19], as 
we have shown that the phase matching conditions required 
to obtain matching for the central peak of a correlation, for a 
pulse train consisting of a carrier of frequency u modulated by 
an arbitrary envelope, are the same as for obtaining maximum 
transmission of the carrier if it were not modulated, i.e., as if 
it were the CW input assumed in WDM. Based upon the usual 
Fourier transform correspondence between the two domains, 
it should thus be possible to place the comparison between 
coherent CDMA and WDM on a more complete theoretical 
footing than the elementary one given above. 

VIII. Advantages of Coherent CDMA 
WITH Ladder (De)coders 
In the preceding section we have shown that under certain 
assumptions, coherent CDMA should be competitive with 
WDM. In this section we point to distinct advantages that 
coherent CDMA with ladder (de)coders has over WDM, 
and probably other networking schemes as well, and could 
indeed make CDMA the preferred approach under certain 
circumstances. 

A, Two-Bit Wide Transmission 

The operation of matched encoder-decoder pairs is such that 
if input a of an encoder is matched to output c of a decoder, 
then input 6 of the encoder is also matched with output d 
of the decoder. This permits the simultaneous, independent 
transmission of data streams on paths a — c and 6 — d. [This 
is true whether one uses ID, or not.] 
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Fig. 5. Arrangement for obtaining double full -duplex communication with a 
single encoder-decoder set. The following transmitter-receiver pairs commu- 
nicate: Ti - /?2.72 — /?2, TJ — and — /?2. 

B, Bidirectional Transmission 

It is clear that if an encoder is, matched to a decoder 
for transmission in one direction, the match remains for 
transmission in the other direction as well. This in particular 
opens the possibility of having simultaneous transmission in 
opposite directions along a — c and b d. In this mode of 
operation, the pair of stations so linked can communicate in 
full duplex mode, Fijg. 5. (And the link can be two-bit wide 
both ways, as indicated above.) 

C. Balanced Detection 

In Section VI the comparison between coherent CDMA and 
WDM was made on the ba'sis of SNR in a single output 
channel, which' is the only thing available in WDM. This 
comparison is actually unfair to CDMA, since in CDMA with 
ladder structures, there are actually two correlated outputs 
which can possibly be combined to improve overall SNR. In 
Section V we have already assumed that unmatched signals led 
to incoherent decoding, which yields the same result in the two 
outputs of a decoder; under those circumstances, if we have 
identical detectors in the two outputs, all unmatched signals 
will produce the same electronic noise at their outputs, which 
can then in principle be substracted to yield zero noise, while 
leaving the coherently detected matched signal untouched [25]. 
(This mode of operation probably precludes two-bit wide 
transmission, unidirectional or bidirectional, but the resulting 
benefit may be worth it.) 

While the above reasoning is clearly an idealized limit, since 
obtaining zero noise is an impossibility, it nevertheless points 
to the potential for substantial noise reduction under the right 
circumstances. 

IX. CDMA AND SECURrrv 

An area where CDMA should be much superior to WDM 
is in the area of confidentiality and security. It should be a 
relatively simple matter to tap a small fraction of the power 
travelling in a WDM fiber network, for instance by bending 
the fiber until light leaks out; by simply using a spectrometer, 
one should then be able to easily separate the channels, and 
obtain the information as AM modulation if no other safety 
precautions are taken. Trying to do the same on a fiber 
carrying CDMA signals should be more difficult, and could 
intentionally be made much harder. 

Consider for instance a network operating with CDMA/ID. 
As mentioned earlier, due to the absence of sidelobes of 
the reconstructed bits, consecutive bits can follow each other 
separated by no delay. The coded bit length is Ltc, and 
so consecutive bits overlap over (L — l)rc. There is thus 




Fig. 6- Diagram of the single one-stage setup used lo demonstrate coherent 
matched and inverse decoding.. PG = pulse generator; LD = laser diode; BS 
= beam splitter, L = lens; D = detector; PC = polarization controller; CI, C2 
= fiber couplers; PZT = piezoelearic transducer; Ml, M2 = mirrors. 

a large degree of overlap between consecutive bits, which 
should make it easy by introducing some level of higher level 
coding, such as Manchester, or MBNB, to ensure that even 
a single data stream from a single transmitter will always 
consist of highly overlapping codes. This will make it difficult 
to even decipher the basic location' of the pulses associated 
with a single coded bit, the first step in breaking the code. 
If this could be done, however, the intruder would be in 
a position to build a decoder based on pulse spacings, and 
perform incoherent decoding; however, the presence of strong 
sidelobes in such decoding would make the decoded bits 
overlap strongly, probably rendering the output unintelligible. 
With determination, he could then try to achieve coherent 
decoding, or even inverse decoding:! This, however, wouldf 
require independently extracting light from each (of the two) ^ - 
channels, which should be rather difficult if they are carried . V 
as orthogonal polarization states in a birefringent fiber, finding 'J^^ 
the appropriate phase, code for each, and combining thc^r*.; 
coherently-decoded outputs with appropriate phases to achieve 
ID. 

The frequency-domain CDMA approach also has useful'/ j . 
security aspects. While it would be relatively straightforward^^-^^i^ 
to tap the single fiber carrying the data stream, finding theu 
appropriate phase code to decode it would riot be a very easy * 
problem. 

A combination of ladder and frequency-domain encoding 
could greatly increase the difficulty of deciphering optical 
signals tapped from such a network. Because the techniques 
are independent and cascadable, one could actually envision 
initially building a network with one technique, and later on 
upgrading it with the other if security requirements changed. 

X. Experimental Demonstrations 

To date some experimental work has been performed to 
show the feasibility of the concepts proposed for coherent 
CDMA. 

In the first fiber study [16] a single stage ladder was used 
as shown in Fig. 6. Plain single-mode fiber was used. The 
50-ns-long pulse from a laser was split by the ladder and 
emerged on two output fibers. Each fiber was terminated by a 
mirror, so that the energy was returned toward the ladder. By 
appropriate control of polarizations and phases, it was possible 
to control the interference to obtain inverse decoding in the 
input fiber not connected to the laser. Fig. 7(a) shows nearly 
ideal inverse decoding, whereas Fig. 7(b) shows a case where 
the phase difference is not adequate. In this experiment the 
stability was not very critical, because the decoder was the 
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Encoder Decoder 

Fig, 8. Diagram of the double one-stage setup used to demonslratc coherent 
matched and inverse decoding with remote transmission from encoder to 
decoder C1-C5 = 2"x 2 couplers; PC1-PC6 = polarization controllers; PZTl, 
PZT2 = piezoelectric phase shifters; TL = fiber transmission line; DL = delay 
line. 

same as the encoder, and phase drifts due to the environment 
were automatically 

In order to demonstrate the same effects under more realistic 
conditions we then undertook to use a decoder entirely separate 
from the encoder [19]. Again plain single-mode fiber was used- 
Fig. 8 shows the experimental setup. Here we implemented the 
idea of transmitting two separate channels oh two orthogonal 
polarization states of the fiber: the two polarization states 
at the outputs of the encoder were rendered orthogonal by 
adjusting PCi and PC2; they were then combined by C3 (a 
3 dB loss was incurred, compared to using a polarizing beam 
splitter; this was done for reason of cost); the two polarizations 
were then separated at the receiver by PBS. There was no 
active stabilization of the phases in the system, and it was 
far less stable than that of the first experiment. Nevertheless, 
with appropriate care and patience, it was possible to observe 
the desired results. When a single channel was used, we 
observed the expected 1-channel coherent autocorrelation, in 
both outputs; with proper phase relationship and using both 
channels, we also observed inverse decoding, as shown in 
Fig. 9. (Here the laser pulse duration was 30 ns.) 




(b) 

Fig. 9. Results obtained with the setup of Fig. 8.: (a) Waveforms at Oi and 
O2. respectively showing 1 -channel autocorrelation and anticorrelation; (b) 
Waveforms at Oi and O2 for two-channel inverse decoding. 

Related work with ladder networks has also been performed 
at the University of Kent [17], [18], [25]. The first investigation 
also used a single encoder/decoder to demonstrate l-channel 
coherent autocorrelation and anticorrelation (corresponding to 
a vanishing central peak) [17]. The following step was to 
demonstrate coherent 1-channel decoding by a remote decoder 
[25). That work was notable because a phase "stabilization 
scheme was implemented, using an auxiliary dithering sig- 
nal and thermal phase controllers; it was demonstrated that 
environmental phase drifts could be effectively^ tracked and 
cancelled, thereby proving that the use of phase-based schemes 
at optical frequencies is in fact viable. Another noteworthy 
feature is that balanced detection by substracting the two 
outputs of the decoder was proposed and demonstrated (the 
substraction, however, was not performed in real time, but with 
the average of stored signals). In all this work short pulses (100 
ps) produced by laser diodes were used, thereby demonstrating 
compatibility with high-speed communication components. 

Finally, an experiment showing the feasibility of coherent 
CDMA with inverse decoding based on frequency-domain 
encoding has been performed [22]. In that work, however, 
a single- pair of gratings was used, and encoding and decoding 
phase masks were placed in contact between them. Remote 
decoding by a decoder distinct from the encoder has recently 
been demonstrated [27]; overall efficiency was only about 2%. 
Changing phase codes by means of liquid-crystal modulators 
could prove relatively simple in this approach [28). 

XI. Discussion 

Most of this paper has deal with physical-level aspects of 
optical CDMA networks, such as architecture, power budget, 
excess losses, phases, stability, signal-to-noise ratio, etc. We 



862 



JOURNAL OF UGHTWAVE TECHNOLOGY, VOL. U. NO. 5/6. MAY/JUNE 1993 



have shown that ladder networks can provide the means of 
implementing high-speed multiple access LAN's, provided 
that coherent correlation is utilized. In particular we have 
seen that such networks can in principle rival WDM networks 
at very high data rates, provided that high-speed optical 
thresholding devices are available. 

One aspect that we have not dealt with in detail is that 
of codes for optical CDMA. The reason is that while a 
considerable amount of work has been devoted to finding 
suitable codes for incoherent networks [8]-[10], [14], [29], 
the major obstacles discussed earlier to the practical imple- 
mentation of such networks, make it unlikely- that they will 
find widespread application. On the other hand since the field 
of coherent optical CDMA networks is quite young, little effort 
has been devoted to finding codes for it: to date only one study 
regarding phase codes for ladder networks has been reported 
[30]. This is an area which requires more work before the 
practical implementation of such networks can be considered. 
In this respect, it is interesting to note that if one considers 
codes with fixed pulse spacings, thus characterized only by 
phases [19], then one is actually in a situation very similar 
to phase- or polarization-modulation of CW optical (or rf) 
signals, for which phase codes have been studied; this may 
provide valuable insights for the study of coherent CDMA 
codes for ladder networks, much as existing phase codes were 
used for the study of frequency-domain encoding [22]. One 
common concern in CDMA is the ability to find enough codes 
to accommodate all potential users. Should either the ladder or 
frequency domain cpding techniques fall short in that respect, 
the combination of the two may prove helpful. 

XII. Future Prospects: Enhancing 
Coherent Optical CDMA 

The current state of coherent optical CDMA, presented 
above, indicates some beneficial aspects, particularly in the 
area of security, but also some potential drawbacks, which 
can be traced to the need to use very short pulses. These are: 
1) need for a short pulse laser (possibly fs); 2) dispersion of 
short pulses; 3) very short detection time assumed, possibly 
requiring a nonlinear optical threshold. 

All three of these drawbacks can be remedied by considering 
the novel arrangement of Fig. 10; it constitutes a refinement of 
compensation techniques recently proposed [31]. In this basic 
form, it requires two parallel channels, Ci and C2, which 
may take the form of two parallel fibers, or two orthogonal 
polarization states in a single fiber. The idea is to use Ci to 
carry a reference pulse Ry and C2 a coded sequence A. The 
decoder produces an impulse response B when R reaches it. 
The last 2x2 coupler is such that signals proportional to 
{A'{'B) and (A — B) appear at its outputs. The detectors have 
a square-law characteristic, so that their respective outputs arc 
proportional to {A + B)^ and {A - B)^. By connecting the 
detectors as shown, the combined output of the detectors, S, is 
equal to their difference, i.e.. S = {A+B)^''{A-B)^ = 4AB 
(at each instant of time). S is then integrated over a bit time 
by the integrator; if the optical path lengths of Ci and C2 
are properly adjusted, then the result of the integration is 
proportional to the crosscorrelation of A and <B, evaluated 




Fig. 10. TWo channel scheme to transmit a reference pulse along with 
the encoded signal. L b laser, ENC encoder; DEC = decoder; / = time 
integrator; ESW = electronic switch; TH = threshold. 

at zero delay. This system can thus perform temporal pattern 
recognition by comparing the values of correlations with no 
delays, if we just place a comparator after the dumping switch. 
It should be noted that this scheme is a coherent one, as A 
and B are field amplitudes, and not powers. 

Because A and R both travel along essentially identical 
paths, A and B will be affected similarly if chromatic dis- 
persion is present in the channels; hence recognition will still 
occur in much the same manner as if there was essentially no 
dispersion. 

This approach is similar to coherent detection in WDM, and- 
with it it shares the possibility of achieving lower crosstalk 
between channels than if simple filtering and direct detection 
were used. 

Because the comparison of electrical signals can now take 
place on the time scale of the bit time, rather than Tc in 
conventional optical CDMA, one can use conventional elec- 
tronic thresholding even at relatively high data rates, up to 
several gigabits-per-second. Also, because there is no need 
to detect the exact temporal shape of the waveform AB, the 
optical detectors dp not have to have response times below Tc\ 
somewhat below the bit time would suffice. Again this relieves 
the constraints on the optoelectronic components. 

A final advantage is that since there is no need to actually 
reconstruct a very short optical pulse for detection, we could 
actually use a relatively long one. For instance, a broadband, 
fairly long laser pulse could be used, and encoded by a 
frequency domain technique. What counts here is that the 
matched signal will be recognized just as well for a long 
or very short laser pulse. The only difference might occur 
in the discrimination against unwanted or unmatched signals, 
for which the shape of the initial laser pulse might make a 
difference. In this regime, it might be fruitful to think of the 
encoding mechanism as one of coherence multiplexing [32]; 
in other words, a match will occur only if two signals are 
coherent. Basically, the laser pulse duration could be of the 
order of the bit time, but its coherence time should be of the 
order of Tc; this requirement is much easier to satisfy than 
having transform-limited pulses of the order of Tc themselves. 

This approach utilizes the best aspect of optics and elec- 
tronics: passive optics, with extremely high-speed are used 
to encode and decode the laser pulses; on the other hand 
relatively slow optoelectronic and electronic components are 
used to perform the integration, final thresholding, as well as 
laser modulation. 

A method to eliminate potential phase drifts between two 
parallel channels, is to use a single channel, in which the 
signals are sent one after the other. The method is in fact 
similar to what is done in differential phase shift keying 
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Fig. 11. Single-channel scheme to transmit a reference pulse along with the 
encoded signal. 

(DPSK). A delay line is required at the transmitter to delay one 
signal with respect to the other, and another one is required 
at the receiver. For proper coherent operation, the phases of 
these two delay lines will have to be kept nearly equal. There 
are several approaches to physically superimposing the two 
signals on the same channel; Fig, 11 shows a version using 
permanent 3-dB couplers. 

This novel technique is compatible with either ladder or 
frequency-domain phase encoding. It can potentially be used to 
enhance the features of coherent optical CDMA, by removing 
aspects previously viewed as being inferior to those of WDM 
systems, while preserving the major aspect of security. It is 
anticipated that this type of development wilK be representative 
of future work in coherent optical CDMA. 

XIII. Conclusion 

The recent work in optical CDMA has been reviewed, and 
it has been argued that the incoherent approach does not look 
promising because of the great difficulty of reconfiguring the 
encoder every time that the destination address needs to be 
changed. Studying then the potential of coherent CDMA, it 
has been shown that it can rival WDM in terms of aggregate 
network throughput, provided that either very short pulses are 
used (in the picosecond range), and that a fast nonlinear-optic 
threshold device is used before the detector, or that a reference 
pulse is sent along with the encoded pulse. Concerning ladder- 
network encoders and decoders, their complexity is similar to 
that of tuned filters used in WDM, indicating an interesting 
convergence of hardware requirements for WDM and CDMA. 
Coherent CDMA thus appears as a viable candidate to imple- 
ment some of the high-speed networks which will be required 
in the future. By its nature it has inherent security aspects 
which could prove advantageous in applications where it is 
desirable to have substantial security introduced,at the physical 
level. 
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